Topological concepts have provided a fascinating twist to our understanding of ordering in physics. One intriguing example is the skyrmion spin texture [1, 2] which carries a topological charge and Berry phase in real space. These non-trivial spin textures are closely related to emergent electromagnetic phenomena [3] and exhibit spectacular dynamic properties [4] [5] [6] .
Recently, non-centrosymmetric cubic B20 chiral magnets of metallic MnSi, Fe 1-x Co x Si, FeGe and insulating Cu 2 OSeO 3 (multiferroic) with broken space-inversion symmetry have received a great deal of attention. Exotic skyrmion spin textures have been observed in reciprocal space by small angle neutron scattering [2] and in real space by Lorentz transmission electron microscopy (TEM) [7] [8] [9] [10] . In these 2D skyrmion double-twist textures, the spins twist smoothly along both the radial and angular directions. The spins rotate gradually from spin down at the center to spin up at the edge of a skyrmion along the radial direction, and rotate smoothly as a vortex along the angular direction. These nanoscale skyrmions tend to form a lattice with hexagonal symmetry The Berry phase acquired by the electrons traversing through a skrymion may be exploited in new spintronics devices due to its unusual response to electric charge current and spin current (e.g. five orders lower current density to move a skyrmion than that required for spin transfer torque switch of regular ferromagnets) [11] [12] [13] . In bulk B20 ferromagnets, non-collinear helical spin structures with wavelength λ H are favored by the Dzyaloshinskii-Moriya (DM) interaction.
Under the DM interaction with a chiral energy of DM•(∇×M), where D is the Dzyaloshinskii constant, skyrmion-like spin structures (precursor states) are formed by thermal fluctuations but only in a very small region in the phase space at temperatures T close to, but below, the ferromagnetic transition temperature T C and with the presence of a magnetic field H [1, 2, 14] .
Such a small region in phase space is unattractive, and indeed impedes the exploration of skyrmion physics. However, the regular skyrmion phase may be greatly expanded in thin specimens, especially in thin films [7] . In Lorentz TEM studies of Fe 0.5 Co 0.5 Si [7] , FeGe [8] , MnSi [9] , and Cu 2 OSeO 3 [10] using specimens with thickness t < 100nm that have been ionmilled from bulk crystals, skyrmions have been found to stabilize in a much wider (T, H) region than those in bulk crystals. Theoretical studies in chiral magnets indicate that uniaxial distortion can greatly stabilize skyrmions over a much wider region in phase space extending to near zero temperature, and possibly even at zero magnetic field [15] [16] [17] [18] [19] [20] .
These encouraging experimental and theoretical suggestions notwithstanding, studies of the rich physics of skyrmions have thus far been confined mostly to bulk materials. It is imperative to explore thin films of chiral magnets and explore the modification of the skyrmion phase. Large epitaxial thin films of specific orientations are particularly beneficial in the absence of large single crystals. For the exploration of new spintronic phenomena in skyrmions, thin films are also much more useful where patterned structures are essential.
Among the known cubic B20 chiral magnets, FeGe has the highest T C ≈ 278K with λ H of about 70 nm along the helical propagation vector, whose direction is temperature dependent [21] .
Under a magnetic field of about 300 Oe, the helical spin structure changes into the conical phase with the propagation vector along the field direction [21] . At the saturation field H D ≈ D 2 M/2A ≈ 3 kOe at low temperatures, where A is the exchange stiffness, the conical phase transforms into ferromagnetic alignment [21] . Similar to MnSi and Fe 0.5 Co 0.5 Si, bulk B20 FeGe also has a very small (T,H) region for the skyrmion-like (precursor states) phase [22] . Unlike MnSi and The skyrmion spin texture in B20 chiral magnets has skyrmion number -1 [2] , where each skyrmion quantizes with an emergent gauge flux of 2 flux quanta (2 0 =h/e) [8] . This quantization produces a fictitious magnetic field of B eff =2 0 /A, where A is the area of the skyrmion, that deflects electrons and leads to the topological Hall effect (THE) [26, 27] .
Numerous experiments [12, [28] [29] [30] have demonstrated that THE is strong evidence, indeed a hallmark, for the existence of skyrmions. The total Hall resistivity ρ H is then [30] : is no THE as shown in Fig. 2b . The values of R 0 H+R S M coincide with the experimental data (within 1%) at all magnetic fields.
We determine the skyrmion phase diagram according to the measured ρ TH for the epitaxial FeGe films. In bulk FeGe, there is a tiny skyrmion-like (precursor) region in the phase space within the temperature range of ΔT ≈ 273 -278 K and the field range of ΔH ≈ 0.1 -0.5 kOe as shown in the inset of Fig. 2c . In contrast, as shown in Fig. 2c and 2d , the skyrmion region (T,H) in FeGe thin films, illustrated by the 18-nm and 300-nm samples is dramatically expanded to cover essentially the entire temperature range from low temperatures to T C . [27, 28] , where n skx is the relative skyrmion density (for compact arrays, n skx =1), and P is the local spin polarization. However, for the 75 nm (~λ H ) region, skyrmions exist only in a very small (T,H) region close to extended (T,H) region, essentially over the entire temperature range below T C . In recent Lorentz TEM studies of MnSi and Cu 2 OSeO 3 at which the thicknesses of thin specimens are 2-3 times their wavelengths, the skyrmion phases also exist in a much extended (T,H) region [9, 10] .
In Fig. 2c and 2d , the red lines indicate the values of H m at various temperatures. It is noted that the H m value for the 300-nm film is about twice the value for the 18-nm film, i.e., the thicker film has a larger skyrmion region, in contrast to that in ref. [8] . To understand the underlying mechanism for stabilizing skyrmions in thin films, we have carried out measurements of thin films of various thicknesses from 18 nm to 300 nm. The field dependence of the THR (= ρ TH /ρ H (25 kOe)) shows a systematic variation with thickness as shown in Fig. 3a , where H m , at the bottom of the dome, progressively shifts to higher H for increasing t thus confirming larger skyrmion region in thicker films.
Theories suggest that the uniaxial anisotropy in B20 chiral magnets plays an essential role [15] [16] [17] [18] [19] in the stabilization of skyrmions. The uniaxial anisotropy K (K >0 favoring perpendicular magnetic anisotropy (PMA) with an energy of -KM z 2 ) and "effective stiffness" K 0 of the conical phase can be calculated from the in-plane and out-of-plane saturation field H ||S and H ⊥S [20] :
In the case of 300-nm film, we obtain K/K 0 ≈ 0.02. As shown in the inset of Fig. 3a , K increases for decreasing thickness t and reaches to 1.1 for t=18 nm. The increasing PMA, as in other magnetic thin films, may originate from surface effects and/or magneto-elastic anisotropy [36] and requires further studies.
The stabilization of skyrmions in our epitaxial films, and the dependence of H m on t, are likely due to the positive K as suggested in theoretical calculations [18] . The conical phase is suppressed due to the increasing DM energy under a positive K, whose magnitude can be as low as 0.05K 0 . As a result, skyrmions have the lowest energy under a positive K and a magnetic field.
A larger K (up to ~2.5 K 0 ) requires a smaller magnetic field (H m ) to "trigger" the skyrmion lattice and results a smaller H-T region of skyrmion phase [18] . Our experimental results are consistent the theoretical phase diagram in ref. [18] . As shown in Fig. 3b , the largest ρ TH occurs at the smallest t, perhaps due to the smaller skyrmion size in thinner films [35] .
As shown in Fig. 2 and Fig. 3 , when the magnetic field is swept from positive to zero the topological Hall resistivity reduces to a small but negative value at zero magnetic field. The nonzero ρ TH at zero field observed in our epitaxial films, which is not observed in bulk samples [28] [29] [30] , may come from the pinning of skyrmions by grain boundaries, such as the 'halfskyrmion'-like structure pinned at the grain boundary at zero field observed in Lorentz TEM experiments [8] . This result suggests not only the existence of skyrmions at zero field, but also the unusual behavior at H = 0 between the H-increasing and the H-decreasing branches. In In summary, despite existing in a very small region of the phase space in bulk FeGe, the skyrmion phase has been greatly expanded in epitaxial FeGe(111) thin films, in agreement with theoretical studies [15] [16] [17] [18] [19] . In FeGe thin films, the skyrmion phase exists over the entire temperature range up to T C and over a wide magnetic field range that includes zero field. The skyrmion phase is present in films from 18 nm to at least 300 nm, which is several times the 
